Abstract--An integrated system consisting of an insulated electrode and an impedance transformer has been fabricated, which can be used for the acquisition of electrocardiographic data. The electrode itself consists of a thin layer of dielectric material which has been deposited onto a silicon substrate. The impedance transformer is a Fairchild/,A 740 operational amplifier used in the unity-gain configuration. The input impedance of the impedance transformer is at least 100 Mr2 and its output impedance is about 5 ~2. Both electrode and impedance transformer are contained in a plastic housing which is identical to that used with the NASA Apollo-type electrode. The lower cutoff frequency of the electrode system is between 0' 01 and 1.0 Hz, depending on the dielectric used and its thickness, Clinical-quality electrocardiograms have been obtained with these electrodes.
INTRODUCTION
AN ELECTRODE which has generally been found most satisfactory for the acquisition of electrocardiographic data is a conducting silver-silver chloride electrode that makes a low-impedance contact to the skin via a paste electrolyte. This type of electrode establishes a low-resistance communication with the subject, so that it can be used with conventional amplifiers to provide clinical-quality electrocardiograms. The paste is physiologically inert over short periods of time.
However, such conductive electrodes, when used over long periods, as in spacecraft and intensive-care monitoring areas, exhibit inadequacies that limit their effectiveness. For example, the electrolyte soon dries, increasing skin-electrode resistance, and the biological waveform is degraded (WHEELWRIGHT, 1962) . Bacterial and fungal growth can take place under electrodes worn for extended periods (MONTES et al., 1967) and skin irritation can occur when the electrolyte is placed in contact with the skin for long periods (WHELLWRIGHT, 1962) . Another disadvantage of the conductive electrode is to be found in its electrical behaviour; shifts in electrode potential at the electrode-skin interface appear as baseline drift, particularly if the subject moves.
An insulated capacitively-coupled electrode has two primary advantages over a conductive electrode: it can be used without paste on the unprepared skin and it is immune from electrode potentials. A number of such insulated electrodes have been fabricated and used with varying success. The dielectrics used in these electrodes were primarily formed by anodic oxidation of aluminum (RICHARDSON, 1967; LOPEZ and RICHARDSON, 1969) and tantalum (LAGoW et al., 1971) and by thermal oxidation of silicon (WoLFSON and NEWMAN, 1969; RYLANDER et al., 1970) . These techniques are limited to the formation of certain types of dielectric films, and it was believed that a broader evaluation of insulated electrocardiographic electrodes, using dielectrics that did not require the participation of the substrate in their formation, would be valuable. At the conclusion of the work, electrode assemblies having the following characteristics were obtained:
(a) the electrode assembly can be directly applied to the skin without paste, simply by using double-sided adhesive tape The following sections describe the procedures used to obtain these electrodes and presents their properties.
deform, and to which adhesion of the dielectrics was known to be good, silicon squares, having approximately the same surface area as the discs, were scribed out of silicon slices. (Square substrates were used because the specialised equipment for cutting circles was not available.) The original slices had been Blanchard ground to a very high polish and degree of flatness (they were, in fact, single-crystal substrates for epitaxial deposition). The slices were about 1 f~/cm in resistivity, n type and about 0.25 mm (0-010 in) thick. Before being placed in the sputtering chamber; the chips were degreased for 15 rain in a boiling methanol/xylene (I:I) solution. They were rinsed with deionised water and immersed in hot sulphuric acid for 15 min, rinsed again in deionised water and immersed in hot nitric acid for 15 rain; they were then rinsed clean in deionised water. A final rinse was made in trichloroethylene, after which they were dried in air. The substrates were then placed in the sputtering chamber, which was then evacuated prior to the admission of the sputtering gas.
PREPARATION OF THIN DIELECTRIC FILMS

Choice and preparation of substrates
To provide a thin rigid substrate that would not § 
Deposition of the dielectric
It was pointed out in the Introduction that anodic and thermal oxidation can be used to obtain only a limited number of dielectric films. Obviously, only oxides can be formed, and further, since the substrate must participate in the formation of the oxide, only those substrates compatible with the oxidation procedure can be used. Organic materials, such as photoresist , pyre varnish (POTTER and MENKE, 1970) and Dupont Mylar (KAUEMAN, 1970; KAUFMAN et al., 1971) have been used as dielectric films; these are not restricted with respect to substrates, but their formation cannot be controlled as well as inorganic films.
Dielectric thin films are commonly deposited by radio-frequency sputtering; the dielectric material is used as a target cathode which is bombarded with gas ions, and from which dielectric is removed to deposit as a film on a substrate placed underneath the target. The equipment used in this work was the R. D. Mathis model SP310A r.f. sputtering module and generator, which consists of a 1 kW system; it was found to provide sufficient deposition rates for the dielectrics chosen in this study. To improve electrical contact and thermal dissipation, the substrates were bonded to aluminum plates with a high electrical and thermal conducductivity, high-temperature epoxy-resin cement. The aluminium plates were then mounted onto the cathode of the system using screws on their backs that fit threaded holes in the copper cathode contained in the sputtering chamber. Four dielectric targets were made in this manner: silicon dioxide, tantalum pentoxide, titanium dioxide and barium titanate. These dielectrics were chosen because of the differences in their dielectric constants and because they contained no known toxic materials (SAX, 1965) . Sputtering was performed in a glow discharge in an argonoxygen mixture, at a pressure of about 25 #m Hg (except for the silicon dioxide deposition, which was performed in argon) to prevent reduction of the oxides to their metals. Dielectric films of thickness between 500 and 5000#m were deposited; a pilot slice was used for determining film thickness, which was measured with a ~ctrode housing Hacker Instruments Model 7000016 interference microscope.
DESIGN OF THE IMPEDANCE TRANSFORMER
Since the output impedance of a capacitive electrode is extremely high, particularly at low frequencies, some form of impedance transformation was required to permit use of the electrodes with amplifiers found in conventional recorders. It was concluded that an operational amplifier with unity gain would best satisfy the requirements.
A schematic of the impedance transformer is shown in Fig. 1 . A Fairchild pA 740 operational amplifier was chosen because of its extremely high input impedance and low offset current and because its physical size (T0-99) was compatible with the final electrode assembly. The open-loop gain of the /zA 740 is in excess of 50 1300, and, in the unity-gain configuration, the amplifier input impedance without the earthing resistor is greater than 1095 fL The earthing resistor ( > 1013 M f~ ) is required to prevent charge buildup on the electrode capacitance, which will continue until the amplifier saturates. With the earthing resistor in place, the input impedance of the transformer is essentially that of the earthing resistor, which has a value high enough to prevent loading of the electrode output.
The input impedance of the transformer was measured in two ways: the measuring circuits are illustrated in Fig. 2 . The capacitor network was not only used to provide a check on the voltage-divider measurements, but also to determine the transformer response to a step input, which was later employed in obtaining the output response of the entire system. Using the voltage divider, the input impedance is obtained from Ri, = R s V o / ( V i -V o ) . The time constant of the decaying output is measured in the capacitor network, and R~, is found from Ri, = 9 In both cases, the input impedance was the value of the earthing resistor.
The output impedance of the transformer was found by measuring the open-circuit output voltage for some input, then applying a load resistance and remeasuring the output voltage for the original input voltage. For a 2 V input, the output voltage did not change even when the load was reduced to 510 I). Since the measurement could be made to within an error of I X , it was concluded that the output impedance was no greater than 5 fL The bandwidth of the impedance transformer was obtained by varying the input frequency at constant voltage and measuring the magnitude and phase of the output voltage. The response was found to be fiat between 5 Hz (the lower FI6.8. Lead II electrocardiograms for standard paste electrodes and insulated electrodes. The upper curve (a) is the reference e.c.g., obtained with NASA Apollo-type paste electrodes. The lower curve (b) was obtained using titanium dioxide electrodes around 600 nm thick. The lower cutoff frequency for these electrodes was 0.011 Hz.
limit of the oscillator) and 20 kHz. Above 20 The /~A 740 has a field-effect transistor at its kHz, the response showed some peaking (as input stage. To determine if another, less m u c h as + 2 dB). N o -3 dB point could be expensive, type of operational amplifier could found between 5 Hz and 600 kHz. be used, the Fairchild # A 741 operational amplifier, which has a bipolar transistor as the input transistor, was evaluated as an impedance transformer. In the unity-gain configuration, the /~A 741 has an input impedance of about 400 Mr2, which, although considerably less than that of the /~A 740, is still acceptable. It failed to perform satisfactorily, however, because of the magnitude of its input-bias current, typically 80 nA. The input-bias current of the #A 740 is typically 0.1 nA. For an input resistance of 100 Mf~ (which includes the effect of the earthing resistor), the offset voltage developed by the /~A740 is only 10mV, whereas the offset voltage developed at the input of the/~A 741 is 8 V (or a maximum determined by the supply voltage). Both amplifiers are equipped with circuitry for offset-voltage null, but only small offsets, of the order of a few millivolts, can be compensated. It is possible to compensate for larger offsets by circuits external to the operational amplifiers, but these techniques are still sensitive to variations in the input-bias current. The offset voltage should be close to zero for satisfactory operation of the amplifier and for direct coupling to conventional recorder circuits; variations in input-bias currents in the /~A 741 would cause unacceptable variations in offset voltage. Additional compensation circuits could be included along with the impedance transformer, but such procedures are uneconomical in cost and time.
INSULATED ELECTRODE ASSEMBLY
The insulated-chip electrode, earthing resistor and operational amplifier were incorporated into the electrode housing by drilling a hole in the back of the housing, inserting the case of the operational amplifier, placing the earthing resistor in the rear of the housing and the electrode chip in front. To allow space for the earthing resistor, and for ease in changing electrodes for evaluation, the following scheme was adopted. A disc of clear plastic, 3.2 mm (~ in) thick and 27 mm (I~-6 in) in diameter (approximately the outside diameter of the electrode housing) was cut. The disc had a small hole drilled in its centre. A short single ' strand of number 29 AWG Teflon-insulated wire was connected to the back side of the electrode chip with conductive epoxy-resin adhesive, and the chip was fastened to the plastic disc with an insulating epoxy-resin cement, which also covered the edges of the electrode to prevent short-circuiting to the substrate.
The wire protruded through the centre hole of the disc and was soldered to the amplifier input. The plastic disc was held firmly to the face of the housing with double-sided adhesive tape, the same as was used to attach the electrode to the skin. The assembly, illustrated in Fig. 3 , was compact and solid, and permitted the rapid exchange of electrode discs. A top-view photograph of the housing before attaching the plastic disc is shown in Fig. 4 , and Fig. 5 is a photograph of the electrode housing and the assembled electrode, after the disc has been attached.
An external control box containing d.c. offset potentiometers was used with the electrodes. Although they were not required for electrode operation, the potentiometers produced a zero-offset voltage at the recorder inputs. The potentiometers could have been eliminated using biasing resistors connected back to the voltage supplies, but their use was convenient here.
MEASUREMENT OF THE ELECTRODE CHARACTERISTICS
The overall system characteristics were obtained by using the body-volume conductor as a voltage divider. Fig. 6 illustrates the circuit used to obtain the frequency response of the electrode-subject system.
Standard paste electrodes acted as contacts to which a step voltage was applied. The capacitance associated with the paste electrodes introduces a transient in the voltage presented to the capacitive electrode, but it decays very rapidly, in a time negligible compared with any of the time constants obtained in the measurements; the voltage seen by the capacitive electrode is essentially a step voltage. The output response was plotted on a direct-writing strip-chart recorder (Offner Dynagraph type 504B, type 9806A preamplifier; this recorder was also F~cJ. 9. Arrangement of the used to obtain the electrocardiographic data). A typical system response is shown in Fig. 7 ; the dielectric film is tantalum pentoxide, about 600 nm thick, but the data are representative of those obtained with other thicknesses and dielectrics. It is clear from the charging characteristics that the insulated electrode is a true capacitor. To be certain that the response was exponential, the data were replotted semilogarithmically. It was found, in general, that the voltage decayed with a single time constant, but, in the slower decay data, a second, long, time constant could be measured. The source of the second time constant is unknown; it can be seen in the upper curve of Fig. 7 , where the voltage step applied to the paste electrodes is displayed. The second time constant was sufficiently long that it did not interfere significantly with the acquisition of the decay data for the system. It was assumed that the RC electrodes on a subject. charging time corresponded to the longest time constant of the electrode system (any others having decayed), so that the electrode capacitance and the lower cutoff frequency were obtained from C = z/Ri, and f0 = l/2nz. Typical values calculated from the time constants are listed in Table 1 . Differences between measured specific capacitances at a given film thickness are probably the result of individual variations in the film thickness. It was found that the thickness of the film varied with the position of the substrate in the sputtering chamber, so that the time constant, and specific capacitance, could change from sample to sample within a single deposition run. The differences in the measured specific capacitance for a given dielectric are roughly consistent with differences in the cited film thicknesses, variations probably being caused by errors in the assigned thickness values. The film thickness ascribed to a particular run was based on a measurement made on the pilot slice. If the substrate was not close to the pilot slice during a deposition, the stated thickness of a film sample could be different from its true thickness. The values of specific capacitance obtained from the measurements and from the bulk dielectric constants are quite different for the barium titanate and the tantalum pentoxide films, and cannot be easily explained, although it is to be expected that the film dielectric constant will depend on the method of film preparation, and need not be the same as the bulk dielectric constant.
A typical lead I1 electrocardiogram, obtained using electrodes with titanium dioxide films about 600nm thick, as shown in Fig. 8 . A set of standard NASA paste electrodes is used as a reference. The results are typical of the data obtained with the other dielectric films, except silicon dioxide, which is discussed below. The arrangement of the electrodes on a subject is shown in Fig. 9 . A paste-earth electrode, not shown, is on the subject's right calf.
With film thicknesses comparable to those of the other dielectric films, the electrocardiograms obtained with the silicon dioxide electrodes showed the peaks of the P, R and T waves quite well, but intermediate waveform details were smeared out or lost, compared with the reference and the other electrocardiograms. The loss of information is attributable ~o the lower capacitance of the silicon dioxide film, because of its low dielectric constant, at a given film thickness. The information contained in the lower frequencies is lost because of the reduced bandwidth; that is, the low-frequency components of the electrocardiogram are blocked by the capacitor. Similar observations have been made using electrodes formed with films ~of sputtered quartz and silicon monoxide . It should be pointed out that, in those applications for which clinical precision is not required, the lower capacitance will also reduce baseline drift (although no difficulty was experienced in this respect when the other dielectric films were used).
CONCLUSIONS
It has been demonstrated that a variety of electrocardiographic electrodes can be obtained by the use of r.f. sputtering of dielectric targets onto a silicon substrate. The electrodes require no skin preparation before their use, and provide electrocardiograms which are comparable in quality to those obtained using standard paste electrodes. Although electrodes have been made for only four dieletric films, the fabrication technique is general enough so that any dielectric may be used, provided that no skin toxicity exists. No reference to the noise sensitivity of the electrodes was made in the body of the paper, but there is some evidence that the insulated electrodes are less subject to movement artefacts than paste electrodes; additional work is being performed to determine whether the initial observations are correct. The sensitivity of the dielectric films to skin exudates is not known, but preliminary studies have indicated that, over a period of hours, at least, the films remain unaffected by sweat electrolytes.
